Summary
Protein phosphorylation and cytosolic-free [Ca 2þ ] ([Ca 2þ ] i ) contribute to signalling cascades evoked by the water-stress hormone abscisic acid (ABA) that lead to stomatal closure in higher-plant leaves. ABA activates an inward-rectifying Ca 2þ channel at the plasma membrane of stomatal guard cells, promoting Ca 2þ entry by shifting the voltage-sensitivity of the channels. Because many of these effects could be mediated by kinase/phosphatase action at the membrane, we examined a role for protein (de-) ] i ) are common to many signal cascades in plants and have been associated with hormonal action (Blatt, 1999; Ritchie and Gilroy, 1998) , mechanical and thermal disturbances (Knight et al., 1996; Taylor and Hepler, 1997) , reactive oxygen species and pathogen attack (Hammond-Kosack and Jones, 1996; Murata et al., 2001; Pei et al., 2000) and nodulation (Ehrhardt et al., 1996) . It is likely that the early events include activation of Ca 2þ channels at the plasma membrane and Ca 2þ influx that triggers Ca 2þ release from intracellular stores (Gilroy et al., 1991; Grabov and Blatt, 1998; Leckie et al., 1998; Staxen et al., 1999) , much as has been described for Ca 2þ -induced Ca 2þ release (CICR) in animal cells (Berridge, 1998) .
Calcium channels that are competent to fill such a role have been identified at the plasma membrane of stomatal guard cells, associated with [Ca 2þ ] i increases evoked by the plant hormone abscisic acid (ABA) and by voltage (Grabov and Blatt, 1998; Hamilton et al., 2000) . In guard cells, ABA increases [Ca 2þ ] i to regulate K þ and Cl -channels for stomatal closure in higher-plant leaves (Willmer and Fricker, 1996) . Unlike animals, the Ca 2þ channels in these cells -and more positive voltage (Hamilton et al., 2000) . Coupling of the Ca 2þ channels to membrane voltage also implies feedback control on osmotically active ion (K þ and Cl -) flux mediated through oscillations in membrane voltage (Gradmann et al., 1993) and increases in [Ca 2þ ] i [see also Blatt (2000a) ].
It is likely that the Ca 2þ channels are a focal point for other signals that interact in control of ion transport across the guard cell plasma membrane. Among these, protein (de-)phosphorylation is known to influence Ca 2þ -sensitive K þ and Cl -channels (Blatt, 1999 ). An ABA-activated protein kinase has been implicated in control of the Cl -channels (Li et al., 2000) , [Ca 2þ ] i increases evoked by ABA are suppressed in Arabidopsis guard cell protoplasts expressing the abi1 (dominant negative) protein phosphatase (Pei et al., 2000) and, in whole cell recordings, NADP(H) and ABA may interact through the ABI1 protein phosphatase to control the Ca 2þ channels (Murata et al., 2001 (Hamilton et al., 2000; Hamilton et al., 2001) . We found that recordings could be maintained for 10-20 min or more with ATP present, but that channel activity was soon lost on patch excision when ATP was omitted from solutions on the inside of the membrane. To explore this requirement for ATP, we carried out measurements on excised, inside-out patches from guard cell protoplasts in the absence of ATP, replacing the bath (inside) with the same solution plus 0.5-5 mM ATP once channel activity was lost. Adding ATP inside led to a recovery of channel openings, generally within 30-60 sec (mean t ¼ 48 AE 7 sec, n ¼ 14) of the start of solution exchange. Figure 1 in cell-attached and excised patches (Hamilton et al., 2000) also failed to stimulate activity in the presence of ATPgS in every case. However, activation of the Ca 2þ channel by ABA was seen in the same patches when ATP was added [see also Hamilton et al. (2000) ]. Thus, ATP and its hydrolysis are prerequisites for Ca 2þ channel activation by ABA. Figure 2 summarises the results from all 14 experiments with ATP. The action of ATP on channel activity (Figure 2a ) was concentration-dependent and affected both P o ( Figure  2b ) and the number of channels (N) available for activation (Figure 2c and inset), suggesting that patches frequently held a number of 'cryptic' Ca 2þ channels. The count of cryptic channels was often highest when the active pool appeared low initially and analysis of channel numbers indicated a mean near 10 for the maximum N under a patch (Figure 2c , inset; Figure 3c , inset (Colquhoun and Sigworth, 1995) . However, analysis of selected recordings (n ¼ 4) with 1-3 channels indicated three closed lifetimes with t c -values of 1.3 AE 0.2, 13 AE 3 ms and 1.1 AE 0.4 sec (not shown). Washing ATP from the bath had no significant effect on t o and we conclude that the primary action of ATP in gating must therefore be on the closed lifetime distribution favouring the open Ca 2þ channel.
Protein phosphorylation potentiates Ca 2þ channel opening
The requirement for ATP to maintain Ca 2þ channel function, and to potentiate ABA action, is consistent with regulation by protein (de-)phosphorylation, much as has been described for skeletal muscle (Johnson et al., 1994; Johnson et al., 1997) and neurosecretory (Larsson et al., 1997) Ca 2þ channels. To test this idea, we challenged protoplasts with protein kinase and phosphatase antagonists (Mackintosh et al., 1994) during patch recordings. In 12 of 13 separate cell-attached recordings, Ca 2þ channel activity was dramatically enhanced on adding the protein phosphatase 1/2 A antagonists okadaic acid (OA) and calyculin A (CA). The phosphatase antagonists, like ATP, recruited channels for activation as well as increasing P o ( Figure 3c , and inset). Time-averaged P o increased from values of near 0.002 before to 0.07 AE 0.03 in 1 mM OA and to 0.06 AE 0.02 in 0.1 mM CA at À150 mV. Open lifetime analysis for the Ca 2þ channel in OA and CA yielded values for t o of 0.7 AE 0.1 and 4.2 AE 0.8 ms (n ¼ 7), comparable with those obtained in ATP alone, again suggesting a strong effect of phosphorylation on the closed lifetime distribution of the channel. Indeed cursory analysis from patches with 1-3 channels apparent, even in OA, yielded t c -values of 1.7 AE 0.3, 22 AE 5 and 270 AE 30 ms, implying a profound reduction in the lifetime of the longest-lived (resolvable) closed state of the channel.
The antagonists also potentiated Ca 2þ channel opening in inside-out patches, even when channel activity was much reduced following patch excision (Figure 3d ). Activation was observed in the presence of ATP, but not when ATP was replaced with ATP-g-S (not shown). The results suggest close associations of a protein kinase and 1/2 A-type protein phosphatase with the Ca 2þ channel at the membrane.
Open probabilities were 0.03 AE 0.006 (n ¼ 6) with 0.5 mM OA and 0.1 mM CA, similar to P o values in the cell-attached configuration with the antagonists (above). Comparison of single-channel amplitudes indicated no effect of OA or CA on channel conductance (not shown).
By contrast, adding the broad-range protein kinase antagonist K252A to block phosphorylation gave mixed results. Exposure to 1 mM K252A during cell-attached recordings reduced channel activity (mean decline in NP o , 7AE 2 fold) in five of 11 independent experiments (Figure 4) . The effect was consequent on a fall in P o (0.004 AE 0.002 before, 0.001 AE 0.00007 after K252A addition) and apparent N (20-40% of control). However, in one experiment no effect of K252A was observed and another five experiments channel activity increased over similar time periods (mean rise in NP o , 55 AE 16 fold) with P o increasing from 0.003 AE 0.002 to 0.08 AE 0.04 in K252A (not shown). Measurements on excised patches were not pursued, because of the difficulty in distinguishing any effects of K252A from a general loss of channel activity. (Hamilton et al., 2000) . The Ca 2þ current was determined under voltage clamp using slow (10-sec) voltage ramps before and after adding 1 mM OA or 0.1 mM CA. Figure 5a shows results from one of eight independent experiments. In each case, recordings in the absence of antagonist showed Ca 2þ current only at voltages well negative of À100 mV. After 3-5 min exposure to OA or CA, the same protoplasts showed a significant Ca 2þ current even at voltages positive of À80 mV and a profound increase in current amplitude. Fitting current-voltage curves to a -HEPES with 1 mM ATP and 30 mM Cs þ -HEPES in the pipette. (a) Current traces from 10-sec voltage ramps after subtracting background currents without Ca 2þ channel activity. Data are averaged from five successive ramps in each case and were run immediately before, and 5 min after adding 1 mM OA. Joint fitting was carried out to a Boltzmann function (solid lines; see also Hamilton et al. (2000) ) of the form:
where g max is the conductance maximum, V the clamp voltage, E Ba the Ba 2þ equilibrium voltage, the voltage sensitivity factor, V 1/2 the voltage giving half-maximal current activation, and z, F, R and T have their usual meanings. Parameter d was held in common between curves and gave a value of 0.94 AE 0.05. Fitting yielded for the remaining parameter values of À153 AE 4 mV and À98 AE 2 mV for V 1/2 , and of 86 AE 4 nS and 567 AE 1 nS for g max before and after adding OA, respectively, in this cell. Boltzmann function (Figure 5a and Hamilton et al. (2000) ) yielded voltages for half-maximal activation (V 1/2 ) of À156 AE 8 before and À115 AE 4 after OA and CA exposures as well as a mean rise in maximum ensemble conductance of 6 AE 1 -fold (n ¼ 8 ] i first at the cell periphery and, within 5-6 sec, also centrally within the cell. The [Ca 2þ ] i rise was most pronounced near the cell periphery and perinuclear region, in part reflecting the high density of endoplasmic reticulum (see also Grabov and Blatt (1998) 
Discussion
The hyperpolarisation-activated Ca 2þ channel of the guard cell plasma membrane coordinates ABA (Hamilton et al., 2000) and other stimuli (Pei et al., 2000) with membrane voltage -Ca 2þ channel open probability is strongly potentiated by ABA which, in turn, affects the voltage-sensitivity of current (Hamilton et al., 2000) -and is likely to prove a focal point for other signalling interactions as well. Protein (de-)phosphorylation has been implicated in modulating [Ca 2þ ] i in guard cells (Allen and Sanders, 1995; Allen et al., 1999) , in their response to ABA (Murata et al., 2001 ) and, generally, in the control of ion channels (Blatt, 2000b (Colledge and Scott, 1999; Naren et al., 1999; Zamponi et al., 1997) and kinase specificity for channel protein phosphorylation in several cases has been associated with anchoring proteins (Ali et al., 1998; Colledge and Scott, 1999; Gray et al., 1997; Johnson et al., 1994) . In plants, the activities of K þ and Cl -channels (Luan et al., 1993; Schmidt et al., 1995; Thiel and Blatt, 1994) are sensitive to protein (de-)phosphorylation, although the proteins targeted in most cases remain unknown (but see Li et al., (1998) ; Tang and Hoshi (1999) ). There are indications of similar controls on plant Ca 2þ channels (Allen and Sanders, 1995; and, in guard cells, the abi1 and abi2 protein phosphatase 2C mutants are known to affect [Ca 2þ ] i increases in response to ABA (Pei et al., 2000) as well as the responsiveness of Ca 2þ channels to ABA (Murata et al., 2001) .
Action of the 2C-type protein phosphatases on the Ca 2þ channel appears to be indirect (Murata et al., 2001) , however. Furthermore, until now, no evidence has been forthcoming of (de-)phosphorylation affecting the voltagesensitivity for channel gating or of such effects translating to alterations in the [Ca 2þ ] i response signature.
For the guard cell Ca 2þ channel, our data point to strong control of channel gating by protein phosphorylation.
Steady-state open probability increased by more than 25-fold to values near 0.07 at À150 mV with 1 mM OA in cellattached recordings and to a much greater extent in excised patches (Figure 3 ). The effects on P o could be attributed to a decrease in the mean closed lifetime of the channel and, because P o was normally low, this activation probably also contributed to the apparent recruitment of channels (Figures 2 and 3 ). Most importantly, we found that OA and CA displaced the voltage sensitivity for gating typically by more than þ40 mV, leading to a significant current even at voltages near À70 mV. This effect is analogous to the facilitation of Ca 2þ entry through L-type Ca 2þ channels by cAMP-dependent protein kinase in skeletal muscle (Artalejo et al., 1992; Johnson et al., 1994) , and it is remarkably similar to the action of ABA on the guard cell Ca 2þ channel (Hamilton et al., 2000) . Intriguingly, the mutant (dominantnegative) abi1 and abi2 protein phosphatases suppress Ca 2þ channel activation by ABA (Murata et al., 2001; Pei et al., 2000) , a difference that must reflect the distinct targets of 1/2 A-type (OA, CA) and 2C-type phosphatases (abi1, abi2 mutants) and their functional (and plausibly physical) proximity to the Ca 2þ channel. This interpretation is consistent with the insensitivity of the ABI1 protein phosphatase to OA (Bertauche et al., 1996) and with long-standing evidence of the different actions of 1/2 A-type phosphatase antagonists by comparison with the abi1 and abi2 mutations on guard cell K þ and Cl -channels and ABA-mediated stomatal behaviour (Schmidt et al., 1995; Thiel and Blatt, 1994) . Results with the protein kinase antagonist K252A proved more ambiguous. This behaviour may reflect a broader action of the antagonist on transport activities that regulate [Ca 2þ ] i (Hwang et al., 2000) as well as the dynamic characteristic of the protein kinase/phosphatase cascade(s) upstream from the Ca 2þ channel (Pawson and Scott, 1997; Sim and Scott, 1999 (Blatt, 2000b; Grabov and Blatt, 1998; Schroeder et al., 2001) . Downstream effects on intracellular Ca 2þ release (Allen and Sanders, 1995; Bewell et al., 1999) and its re-sequestration, may also account for the increased amplitude of the [Ca 2þ ] i transients and the pronounced delay in recovery ( Figure 5 ; Table 1 ). Because initiation of the [Ca 2þ ] i rise depends on Ca 2þ entry across the plasma membrane (Grabov and Blatt, 1998; Grabov and Blatt, 1999) (Li et al., 2000; Mori and Muto, 1997) , but the hierarchy of early events in ABA signalling is still unclear. Vicia guard cells also harbour at least one ABA-sensitive, Ca 2þ independent protein kinase (Li and Assmann, 1996) . Furthermore in Vicia (Romano et al., 2000) , as in tobacco (Armstrong et al., 1995) ] i elevation. These caveats aside, from the single-channel records presented here it is clear that the channel or regulatory subunit(s) must associate closely with kinase and phosphatase activities that target these proteins at the membrane. Such physical proximity is a common feature of kinase and phosphatase control and often depends on scaffolding and anchoring proteins (Pawson and Scott, 1997; Sim and Scott, Phosphorylation and voltage-control of guard cell Ca 2þ channels 191 1999). At present, the precise nature of these associations with the Ca 2þ channel remains unknown, but is clearly of tremendous interest.
Materials and methods

Plant material
Protoplasts were prepared from epidermal strips of Vicia faba L., cv. Bunyard Exhibition as described (Hamilton et al., 2000) . All operations were carried out on a Zeiss Axiovert microscope with 40x LWD D.I.C. optics (Zeiss, Oberkochen, Germany) at 20-228C. Solution was added (approximately 20 chamber volumes min À1 ) by gravity feed and removed by aspiration. Note that response times to addition/removal of compounds were not corrected for bath exchange times or the effects of unstirred layers within patch pipette tips.
Electrophysiology
Pipettes were pulled using a Narashige PP-81 puller (Narashige, Tokyo, Japan) in two stages (input resistances, 10-30 MO) and were coated with Sigmacote (Sigma, Poole, UK) and wax to reduce capacitance. Connections to amplifier and bath were via a 0.1-M KCl|Ag-AgCl liquid junctions, and junction potentials were taken into account (Barry and Lynch, 1991) . Single-channel currents were recorded using an Axopatch 200B patch amplifier (Axon Instruments, Redwood City, CA, USA) after filtering at 5 kHz and sampled at 44 kHz for analysis. Data were filtered at 1 kHz (Kemo, Beckenham, UK) offline and analysed using N-Pro (mLAB, Glasgow, UK) and HEKA PulseFit and TAC (HEKA, Lambrecht, Germany) software. Voltages quoted are referenced to the physiological orientation of the membrane, the voltage on the cytosolic side relative to the extracellular side. For cell-attached recordings, membrane voltage was calculated assuming a protoplast voltage equivalent to that obtained in whole-cell recordings with the current clamped to zero (Hamilton et al., 2000) .
Numerical analysis
Channel amplitudes were calculated from point-amplitude histograms estimated from open events >5 ms duration beyond closed levels determined from periods of no channel activity (Colquhoun and Sigworth, 1995) . Channel numbers were estimated from the maximum number of concurrent openings and from binomial distributions of open events (Horn, 1991) . Channel openings, open probabilities and lifetime distributions were determined as before (Hamilton et al., 2000; Hamilton et al., 2001 ] i measurements in intact cells were carried out as before (Grabov and Blatt, 1998) but with [Ca 2þ ] i determined, after excitation with 340 nm and 390 nm light (Polychrom II, 10-nm slit width, Till Photonics, Planegg, Germany), from fluorescence images gathered at 0.5-to 10-sec intervals using cooled Pentamax-512 CCD camera and GenIV intensifier (Princeton Instruments, Princeton, NJ, USA) with a 520-nm cutoff filter (Schott, Maing, Germany). Measurements were corrected for background before dye loading and analyzed using MetaFluor and MetaMorph software (Universal Imaging, West Chester, PA, USA). Dye loading was judged successful by visual checks for cytosolic dye distribution and by stabilization of the fluorescence ratio signal, and were calibrated in vitro and in vivo after permeabilization (Grabov and Blatt, 1998) . Estimates of dye loading indicated final Fura2 concentrations <10 mM (Grabov and Blatt, 1998) .
Chemicals and solutions
We use the terms inside and outside with reference to the physiological sidedness of the membrane. Protoplasts were bathed in Ba 2þ -HEPES, pH 7.5 [HEPES buffer titrated to its pK a with Ba(OH) 2 ] adjusted to 300 mOsM with sorbitol, and pipettes were filled with similar solutions. For cell-attached recording, pipette and bath contained 30 mM Ba 2þ . For whole-cell recordings, pipettes contained 1 mM Ba 2þ and the bath contained 30 mM Ba 2þ . For excised, inside-out patches pipettes contained 30 mM Ba 2þ and the bath contained 1 mM Ba 2þ . (Mg 2þ ) 2 ATP or (Mg 2þ ) 2 ATPgS was included as indicated. Calyculin A, okadaic acid and K252A were prepared as a stocks in DMSO and diluted >1000-fold for use. ABA was prepared as a stock in ethanol and similarly diluted for use. Neither DMSO nor ethanol alone affected Ca 2þ channel gating at these concentrations (not shown). Buffers and salts were from Sigma Chemicals (Poole, UK).
